INTRODUCTION
============

Most cellular processes, including intracellular ion homeostasis, exchange of substances and energy, cell migration, vesicular traffic, cell division and cellular signaling depend on the elaborate structure and organization of the plasma membrane ([@b3-molcell-37-8-592]; [@b18-molcell-37-8-592]; [@b22-molcell-37-8-592]; [@b36-molcell-37-8-592]). Composed of lipids and proteins, cellular membranes have been extensively studied in detail for decades ([@b24-molcell-37-8-592]; [@b25-molcell-37-8-592]; [@b33-molcell-37-8-592]). Many isolated proteins and protein domains in the cell membrane have been identified; however, the overall protein distributions and arrangements in both leaflets still remain uncertain. To characterize the overall picture of protein and lipid distributions in erythrocyte cell membranes, the semi-mosaic model was recently proposed ([@b34-molcell-37-8-592]).

Turtles are the most ancient of reptiles in the evolutionary context, and have been phylogenetically classified both as basal to all other reptiles and as nested within them ([@b6-molcell-37-8-592]; [@b35-molcell-37-8-592]). Therefore, a study of turtle membrane structure is an indispensable part of a systematic study of erythrocyte membranes. The basic cytoarchitecture of erythrocytes has been largely conserved throughout the history of phylogenetic evolution, although it is possible that some variations in different species occurred ([@b4-molcell-37-8-592]). Except for the sizes, turtle erythrocyte morphology is similar to those of fish and chickens. The major membrane proteins and phospholipid composition of erythrocyte membranes are not significantly different among these species ([@b8-molcell-37-8-592]; [@b10-molcell-37-8-592]; [@b11-molcell-37-8-592]; [@b13-molcell-37-8-592]). However, the molecule-level structure of the turtle erythrocyte membranes remains unknown. Here, to verify whether or not the semi-mosaic model is applicable to the membrane structure of turtle erythrocyte, turtle erythrocyte membrane were prepared and examined under near-native conditions.

Atomic force microscopy (AFM) is a valuable tool for the investigation of biological membranes, which allows for imaging cell membranes and membrane proteins under physiological conditions at molecular resolution. High-resolution topographies of erythrocyte and nucleated mammalian cell membranes ([@b34-molcell-37-8-592]; [@b39-molcell-37-8-592]), native and reconstituted membrane proteins ([@b20-molcell-37-8-592]; [@b28-molcell-37-8-592]), organelle membrane ([@b1-molcell-37-8-592]; [@b30-molcell-37-8-592]; [@b38-molcell-37-8-592]) have been acquired. Video-rate, high-speed AFM has enabled the visualization of membrane dynamics ([@b29-molcell-37-8-592]). AFM-based single-molecule force spectroscopy is a highly sensitive method to measure piconewton inter- and intra-molecular forces such as those in antibody-antigen and receptor-ligand interactions ([@b12-molcell-37-8-592]; [@b14-molcell-37-8-592]; [@b16-molcell-37-8-592]; [@b19-molcell-37-8-592]). So far, reports on the membrane structure of turtle erythrocytes studied by AFM are lacking. Here, the membrane structure of turtle erythrocytes is characterized with AFM, including the protein distribution on both leaflets and the arrangement of proteins relative to the lipid bilayer.

MATERIALS AND METHODS
=====================

Isolation of the turtle erythrocytes
------------------------------------

Blood samples of the red-eared fresh-water turtle (*Trachemys scripta*) were collected in centrifuge tubes containing heparin. Isolation of turtle erythrocytes was performed at room temperature. Erythrocytes were washed five times in 1 ml phosphate-buffered saline solution (PBS, 136.9 mM NaCl, 2.7 mM KCl, 1.5 mM KH~2~PO~4~, 8.1 mM Na~2~HPO~4~·7H~2~O, pH 7.4) by a low speed centrifuge (1000 rpm × 1 min) and resuspended in PBS solution. 3-(aminopropyl) triethoxysilane-coated mica (APTES-mica) substrate was prepared as described ([@b30-molcell-37-8-592]). The erythrocyte suspension (200 μl) was deposited onto APTES-mica. After 20 min, the non-adsorbed erythrocytes were washed away with PBS solution. The prepared sample was mounted onto an AFM liquid flow cell containing PBS solution and imaged immediately.

Preparation of the outer and inner leaflets of erythrocyte membranes
--------------------------------------------------------------------

High-resolution imaging of the outer leaflet of the turtle erythrocyte membrane was performed on the smooth edge of the intact erythrocyte.The inner membrane leaflet was prepared by shearing open adsorbed erythrocytes with a fast stream of hypotonic buffer (6.845 mM NaCl, 0.135 mM KCl, 0.075 mM KH~2~PO~4~, 0.405 mM Na~2~HPO~4~·7H~2~O, pH7.4) through a needle at a 20-degree angle ([@b34-molcell-37-8-592]). The prepared membranes were then treated with high salt buffer (2 M NaCl, 2.7 mM KCl, 1.5 mM KH~2~PO~4~, and 1 mM Na~2~HPO~4~·7H~2~O, pH 7.2) for 30 min at room temperature to remove membrane skeleton proteins.

Digestion of the inner leaflet of erythrocyte membranes with proteinase K
-------------------------------------------------------------------------

The inner leaflet of erythrocyte membranes was prepared as described above and then digested with 1.0 mg/ml proteinase K (Sigma) for 30 min at 37°C. The membranes were then washed in PBS solution for three times and immediately imaged with AFM.

AFM imaging and force spectroscopy
----------------------------------

The AFM imaging and force spectroscopy of isolated erythrocytes and erythrocyte membranes were performed with AFM 5500 (Agilent Technologies, USA). All the images (512 × 512 pixels) were obtained at room temperature in PBS solution. Erythrocyte sizes and membrane heights were measured with PicoScan 5.3.3 software (Agilent Technologies, USA).

In force spectroscopy measurements, the AFM tips were functionalized with glutaraldehyde as described ([@b34-molcell-37-8-592]). For statistical analysis, thousands of force curves were recorded in different positions of the inner and outer leaflet of erythrocyte membranes. The force curves were processed with MathLab 7.9 (Math Works Inc.).

RESULTS
=======

AFM imaging of the smooth outer surface of the turtle erythrocytes
------------------------------------------------------------------

As shown in [Fig. 1A](#f1-molcell-37-8-592){ref-type="fig"}, the intact turtle erythrocytes are biconvex oval discs with elliptical nuclei bulging in the central regions (black dashed circle) and a marginal band of microtubules along the periphery ([@b7-molcell-37-8-592]; [@b9-molcell-37-8-592]). Relative to our previous results for human, birds, and fish erythrocytes ([@b31-molcell-37-8-592]; [@b32-molcell-37-8-592]), the turtle erythrocytes are the largest we have observed, with an average length of 27.5 ± 4.5 μm, and an average width of 15.2 ± 1.5 μm. The average nucleus has a length of 8.0 ± 3.1 μm and a width of 4.8 ± 1.2 μm. The height between the substrate and the nucleus is 1.4 ± 0.3 μm ([Fig. 1A, bottom](#f1-molcell-37-8-592){ref-type="fig"}).

The intact turtle erythrocytes contain few organelles in the cytoplasm ([@b21-molcell-37-8-592]), and the membrane surface appears quite smooth. Firmly adhered to the substrate, the erythrocytes flatten out with a thickness of 47.2 ± 4.1 nm at the edges ([Fig. 1B, bottom](#f1-molcell-37-8-592){ref-type="fig"}), which enables us to obtain high-resolution images of the outer leaflet. We have acquired many stable images on the smooth edge. As shown in [Fig. 1C](#f1-molcell-37-8-592){ref-type="fig"}, there are no obvious proteins or protrusions on the outer leaflet, which has an average roughness of 0.52 ± 0.11 nm in its native state. To test whether the interaction between the AFM tips and the outer surface of living cells produces blurry images, rendering the outer-leaflet proteins undetectable, we performed high-resolution imaging on outer leaflet membrane patches produced by the shearing method discussed above ([Fig. 1D](#f1-molcell-37-8-592){ref-type="fig"}). It was found that the outer leaflets patches were just as smooth as that of the intact erythrocyte. Thus, there appear to be no proteins in the outer surface of the turtle erythrocyte membranes.

AFM imaging of the protein-covered inner leaflet of turtle erythrocyte membranes
--------------------------------------------------------------------------------

To study the distribution of proteins on the cytoplasmic side of the membranes, we disrupted the cells by shearing, as discussed above. This method has previously been used to obtain clean membranes ([@b5-molcell-37-8-592]; [@b40-molcell-37-8-592]) for high-resolution AFM images and to keep the membrane structure intact. Following the removal of membrane skeletons with the high-salt treatment, the inner leaflet of turtle erythrocyte membranes was revealed to be rather rough and covered with dense proteins ([Fig. 2A](#f2-molcell-37-8-592){ref-type="fig"}), which can be seen more clearly at higher resolution ([Fig. 2B](#f2-molcell-37-8-592){ref-type="fig"}). There are also many particles on the substrate (arrows), which are most likely adsorbed proteins from the shearing procedure. The average roughness of the inner membrane leaflet (4.0 ± 0.8 nm) is considerably larger than that of the outer membrane leaflet. The average height of the membranes between the substrate and the proteins is 18.5 ± 2.4 nm. High-resolution images of the inner membrane leaflet ([Fig. 2C](#f2-molcell-37-8-592){ref-type="fig"}) reveal crowded protein particles standing closely to each other with no visible lipid bilayer. The proteins in the inner membrane leaflet have a broad range in size and shape, with diameters of 15--200 nm. 70% fall between 40 and 80 nm ([Fig. 2D](#f2-molcell-37-8-592){ref-type="fig"}). [Figure 2E](#f2-molcell-37-8-592){ref-type="fig"} shows the height distribution of the protein particles above the membrane, which varies from 1.0 to 27.0 nm and has a peak at 10--16 nm. This corresponds to a diversity of proteins and protein aggregations in the inner membrane leaflet, such as ATPase and band-3 protein ([@b11-molcell-37-8-592]; [@b27-molcell-37-8-592]). These proteins on the inner leaflet of erythrocyte membranes could be potentially identified using AFM-based topography and recognition imaging (TREC) ([@b17-molcell-37-8-592]) and/or stochastic optical reconstruction microscopy (STORM) ([@b36-molcell-37-8-592]), which is not the focus in this study.

Digestion of the inner leaflets of erythrocyte membranes by proteinase K
------------------------------------------------------------------------

To explore how the proteins and the lipid bilayer of turtle erythrocyte membranes are arranged at the molecular level, we treated the prepared inner membrane leaflet by proteinase K that can digest most of the membrane proteins. The topography of the digested inner membrane leaflet indicates many proteins have been removed, and that only separated peptides or proteins (bright dots) are visible right above the lipid bilayer ([Figs. 3A and 3B](#f3-molcell-37-8-592){ref-type="fig"}). There are more free lipid bilayers (indicated by arrows) at the edge of the membranes due to the removal of membrane proteins. [Figure 3C](#f3-molcell-37-8-592){ref-type="fig"} is a cross-sectional analysis along the line in [Fig. 3B](#f3-molcell-37-8-592){ref-type="fig"}, in which the lipid bilayer (single arrow) is readily discernible just below the undigested proteins (double arrows). This provides additional evidence for the arrangement of proteins above the lipid bilayer. The height (thickness) of the lipid bilayer is 2.5 ± 0.5 nm, which is in complete accordance with previous value measured with AFM ([@b34-molcell-37-8-592]). The height distribution of undigested proteins and peptides above the membrane is from 1.5 to 12.5 nm with a peak at 4--6 nm ([Fig. 3D](#f3-molcell-37-8-592){ref-type="fig"}), which is distinctly lower than that of the untreated membrane ([Fig. 2E](#f2-molcell-37-8-592){ref-type="fig"}).

Asymmetric distribution of amino groups in the inner and outer leaflets of erythrocyte membranes
------------------------------------------------------------------------------------------------

To confirm the location of proteins in the inner and outer leaflets of the turtle erythrocyte membranes, single-molecule force spectroscopy was employed to detect the exposed amino groups of membrane proteins. This required the AFM tips to be functionalized with glutaraldehyde that has aldehyde groups that bind to exposed amino groups. The binding is detected during the force curve measurement. A typical force curve, among thousands of force curves acquired at various positions on the outer surface of turtle erythrocyte, is shown in [Fig. 4A](#f4-molcell-37-8-592){ref-type="fig"}. There is no detectable binding event during retraction of the AFM tip from the membrane surface, which indicates that there are no exposed amino groups on the outer leaflet of erythrocyte membranes. A representative force curve obtained on the inner membrane leaflet ([Fig. 4B](#f4-molcell-37-8-592){ref-type="fig"}) displays multiple force peaks during retraction, indicating vast quantities of exposed amino groups on the inner leaflet of erythrocyte membranes. During force spectroscopy measurements, the loading rate is 10.4 nN/s. The binding probability (number of force curves with the specific unbinding events divided by the total number of force curves) is 86.2% and 2.3% for the inner and outer leaflets of erythrocyte membranes, respectively. After proteinase K digestion of the membrane proteins in the inner leaflet by Proteinase K, no force event ([Fig. 4B, inset](#f4-molcell-37-8-592){ref-type="fig"}) occurs when engaging force measurement on the digested membrane, and the binding probability decreases to 8.3%. Taken together, these results demonstrate that a large number of proteins are present on the inner leaflet of turtle erythrocyte membranes, while fewer proteins are exposed on the outer leaflet of erythrocyte membranes. This is because most proteins on the outer leaflet of the erythrocyte membranes are glycosylated ([@b11-molcell-37-8-592]; [@b23-molcell-37-8-592]) and distributed in a semi-mosaic pattern with no exposed amino groups.

DISCUSSION
==========

Using a combination of high-resolution AFM and single-molecule force spectroscopy, we studied the membrane structure of turtle erythrocytes in a quasi-native state. Morphologically, turtle erythrocytes share many features in common with fish and chicken erythrocytes, including the existence of the nucleus in central region with an ellipsoidal, flattened and biconvex shape. The primary differences among them are cell dimensions, which decreases from turtle, fish to chicken. Turtle erythrocytes are only slightly larger than those of the Crucian carp ([@b31-molcell-37-8-592]). The difference in erythrocyte size is consistent with previous reports on erythrocyte measurements in fishes, reptiles, birds and mammals ([@b15-molcell-37-8-592]; [@b26-molcell-37-8-592]). The membrane height of turtle erythrocytes is roughly the same as that of the Crucian carp erythrocytes, but thicker than those of the chicken and human erythrocytes ([Table 1](#t1-molcell-37-8-592){ref-type="table"}). Such differences might occur because of greater erythrocyte osmotic resistance needed for exposure to wider temperature ranges and the longer erythrocyte life spans in ectotherms relative to endotherms ([@b2-molcell-37-8-592]). It is noteworthy that the thicknesses of the lipid bilayer of these erythrocyte membranes are comparable, indicating similarity of membrane structure ([Table 1](#t1-molcell-37-8-592){ref-type="table"}).

The most prominent similarity among these erythrocyte membranes is the asymmetric distribution of proteins; i.e., there are many more proteins on the inner leaflet than on the outer leaflet. The turtle erythrocyte membranes were revealed by high resolution AFM to be quite smooth without obvious proteins on the outer leaflet, whereas rough with dense proteins on the inner leaflet. This asymmetry of protein distribution is verified by single-molecule force spectroscopy that detected many more exposed amino groups of membrane proteins in the inner membrane leaflet but only a few in the outer leaflet. The asymmetric membrane structure of turtle erythrocytes corresponds well with the semi-mosaic model of human, chicken and fish erythrocyte membrane structure. Thus, the semi-mosaic model of erythrocyte membrane structure was further extended, from mammalian, birds, fishes to reptiles, and even more species. To date, it is reasonable to believe that the widespread asymmetry of membrane structure is the basic principle of the membrane organization in all animal erythrocytes.
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![AFM topographic images of the smooth outer surface of the turtle erythrocytes. (A) The intact turtle erythrocyte is 27.5 ± 4.5 μm long, 15.2 ± 1.5 μm wide, and 1.4 ± 0.3 μm high. A black dashed circle encloses the nucleus (8.0 ± 3.1 μm long; 4.8 ± 1.2 μm wide). The inset is the correponding amplitude image. The bottom is the cross-sectional analysis along the black line. (B) The smooth edge of the intact turtle erythrocyte (47.2 ± 4.1 nm, thickness). The bottom is the cross-sectional analysis along the black line. (C) High-resolution image of the smooth edge. (D) High-resolution image of the prepared outer membrane leaflet. The average roughness of the outer membrane leaflet is 0.52 ± 0.11 nm. Scale bars: 5 μm in (A), 500 nm in (B), 200 nm in (C), 100 nm in (D).](molcell-37-8-592f1){#f1-molcell-37-8-592}

![Characterization of the protein-covered inner leaflet of the turtle erythrocyte membranes. (A) AFM topographic image of the inner membrane leaflet. (B) Magnification of the square area in (A). Arrows point to proteins on the substrate. (C) High-resolution image of the inner membrane leaflet. The average height and roughness of the membranes are 18.5 ± 2.4 nm and 4.0 ± 0.8 nm, respectively. (D) The diameter distribution of proteins in the inner membrane leaflet varies from 15 to 200 nm with 70% falling between 40 and 80 nm. (E) The height of proteins above the membrane is from 1.0 to 27.0 nm with the peak at 10--16 nm. Scale bars; 5 μm in (A); 2 μm in (B); 500 nm in (C).](molcell-37-8-592f2){#f2-molcell-37-8-592}

![Digestion of the inner leaflet of the turtle erythrocyte membranes by proteinase K. (A) AFM topographic image of the digested membrane. (B) (Top) High-resolution image of the edge of the digested membrane. Arrows point to the exposed lipid bilayer after digestion (2.5 ± 0.5 nm, thickness). The bottom is the cross-sectional analysis along the black line with single arrow pointing to the lipid bilayer and double arrows pointing to the remaining proteins or peptides. (C) The height distribution of proteins in the membrane after digestion is from 1.5 to 12.5 nm with the peak at 4--6 nm. Scale bars; 2 μm in (A); 200 nm in (B).](molcell-37-8-592f3){#f3-molcell-37-8-592}

![Detection of exposed amino groups on both leaflets of the turtle erythrocyte membranes. (A) The typical force curves acquired with a glutaraldehyde-functionalized AFM tip on the outer membrane leaflet, in which no force peak was observed (binding probability, 2.3%). (B) Representative force curves acquired on the inner membrane leaflet, showing multiple force peaks (binding probability, 86.2%). The inset shows the typical force curves obtained on the digested inner membrane leaflet (binding probability, 8.3%).](molcell-37-8-592f4){#f4-molcell-37-8-592}

###### 

Comparison of fish, turtle, chicken and human erythrocyte membranes

                                                              S~m~ (μm)                     T~m~ (nm)    R~m~ (nm)   P~a~ (%)      T~l~ (nm)         
  ----------------------------------------------------------- ----------------------------- ------------ ----------- ------------- ----------- ----- -----------
  Fish[^a^](#tfn2-molcell-37-8-592){ref-type="table-fn"}      (23.7 ± 3.1) × (15.2 ± 3.3)   18.2 ± 3.0   3.1 ± 0.7   0.56 ± 0.06   98.5        6.5   3.5 ± 0.6
  Turtle                                                      (27.5 ± 4.5) × (15.2 ± 1.5)   18.5 ± 2.4   4.0 ± 0.8   0.52 ± 0.11   86.2        2.3   2.5 ± 0.5
  Chicken[^b^](#tfn3-molcell-37-8-592){ref-type="table-fn"}   (14.2 ± 3.0) × (8.9 ± 1.6)    16.5 ± 3.6   3.4 ± 0.8   0.47 ± 0.05   86.4        3.8   3.1 ± 0.7
  Human[^c^](#tfn4-molcell-37-8-592){ref-type="table-fn"}     8                             10           1.9         0.18          \-          \-    2.9 ± 0.4

S~m~, size of the erythrocyte; T~m~, thickness of the membrane; R~m~, the average roughness of the membrane; P~a~, percentage of exposed amino groups in the membrane; T~l~, thickness of the lipid bilayer;

data from [@b31-molcell-37-8-592];

data from [@b32-molcell-37-8-592];

data from [@b34-molcell-37-8-592]
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